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Through combined ferromagnetic resonance, spin-pumping and inverse spin Hall effect exper-
iments in Co|Pt bilayers and Co|Cu|Pt trilayers, we demonstrate consistent values of `Ptsf =
3.4±0.4 nm and θPtSHE = 0.056±0.010 for the respective spin diffusion length and spin Hall angle for
Pt. Our data and model emphasizes the partial depolarization of the spin current at each interface
due to spin-memory loss. Our model reconciles the previously published spin Hall angle values and
explains the different scaling lengths for the ferromagnetic damping and the spin Hall effect induced
voltage.
The direct control of the magnetization dynamics and
magnetic damping via spin-currents and spin-transfer
torques is implemented in several magnetic nanoscale de-
vices, as spin-torque magnetic random access memory
and spin-torque nano-oscillators [1, 2]. Similar controls
have recently been demonstrated using the spin-orbit re-
lated effect produced in ferromagnet-non magnetic metal
layers with strong spin-orbit coupling (SOC) [3–7]. Spin-
pumping [8–11] is the method of choice to produce a
spin-current in a SOC-material through ferromagnetic
resonance (FMR) precession. It consists in generating
an unbalanced chemical potential between the two spin
channels (the so-called spin accumulation) from a metal-
lic ferromagnet [8, 12–24] or from a ferro/ferrimagnetic
insulating oxide such as yttrium iron garnet (YIG) [25–
35]. The generated spin current is transformed into a
charge current (or dc-voltage in an open-circuit) in the
SOC-material by inverse spin Hall effect (ISHE). Large
SOC can be found in 5d or 4d transition metal elements
such as Pt [4, 14–17, 19, 23, 24, 31, 34–37], β-Ta [6, 34],
β-W [38] or Pd [13, 14, 18, 20, 21, 23], as well as within
heavy element alloys such as CuIrx [39] or CuBix [40],
through intrinsic or extrinsic spin Hall effect with an
overall efficiency given by the spin-Hall angle (θSHE).
These combined techniques have also been employed to
probe the spin-injection efficiency in group-IV semicon-
ductors through a thin oxide barrier [41–43].
The case of bulk Pt is particularly interesting from a
fundamental point of view, as well as for technological
applications [2]. However, published values of both the
spin-diffusion length (`sf) and θSHE for Pt are scattered
over one order of magnitude, ranging from 1 to 10 nm
for `sf and from 0.01 to 0.08 for θSHE (Fig. 1). Note
that these values are measured in thin multilayers, i.e.
systems in which interfaces play a dominant role. The
dispersion is also explained by the correlation between
`sf and θSHE in the expression of the charge-current gen-
erated by spin-pumping (e.g. in Eq.4).
In this letter, we attempt to reconcile the published
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Figure 1. Spin Hall angle θSHE vs. spin diffusion length `sf for
Pt films at room temperature. Py stands for Ni80Fe20. Data
are extracted from literature, the number being the reference
number. The present work (Co|Pt and Co|Cu|Pt) includes
the Pt thickness dependence by spin pumping and ISHE as
well as in Refs. 16, 17, and 19, or by STT-FMR in Ref. 37
and 44. In the other studies, either the value of `sf or the
value of θSHE was adopted. The arrow shows the correction
of the parameters from Ref. 15 to Ref. 19 as the Pt thickness-
dependence is performed. The thick line represents a constant
product `Ptsf (nm) · θPtSHE(%) = 18.8.
Pt data. We emphasize the central role of the unavoid-
able spin relaxation known as spin memory loss (SML)
at 3d|5d interfaces, here Co|Pt and Co|Cu|Pt where a
spin-current is generated by FMR methods. We develop
a model to extract reliable values by taking into account
the SML. By using complementary data of FMR and
ISHE in the microwave regime for different thicknesses
of Pt, we succeeded to disentangle both θSHE and `sf .
On one hand, FMR analysis gives access to the effec-
tive damping parameter α which is sensitive to the total
dissipated transverse spin-current. On the other hand,
the ISHE signal probes only the spin-current absorbed
in the bulk part of the SOC-material (i.e. Pt in our
case). Consequently, the thickness dependences of α and
the ISHE signal in SOC-material scale respectively with
the interfacial layer and the `sf . The main goal of this
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Figure 2. (a) Schematic of the principle of spin-pumping-
ISHE experiments in the case of ‖Co|Pt bilayers. (b) Typi-
cal measurements of FMR spectrum (top) and ISHE voltage
(bottom) for a ‖Co(15)|Pt(10) sample. (c) Model of a tri-
layer system with spin memory loss (SML): F|I|N represent
the ferromagnetic layer, the interface region and the SOC-
material. JeffS and J
N
S are the effective spin-current emitted
from the ferromagnet and the spin-current that reaches the
SOC-material. Taking into account the SML at the interface
implies JNS < J
eff
S .
letter is to demonstrate that neglecting the spin-current
absorbed at the interfaces leads to an incorrect estima-
tion of the θSHE of Pt. Our method allows solid values
of `Ptsf = 3.4 ± 0.4 nm and θPtSHE = 0.056 ± 0.010 for Pt
to be determined and may reconcile the general trend of
published data.
We deposited a series of ‖Co(15)|Pt(t) and
‖Co(15)|Cu(5)|Pt(t), varying the thickness t of Pt,
the numbers in the bracket indicate the thickness in
nanometers and ‖ the position of the substrate. The
samples were grown by magnetron sputtering in a
single deposition chamber on SiO2-terminated Si wafers.
Samples are then cut in an elongated rectangular shape
of typical dimension L×W = 2.4× 0.4 mm2. Combined
FMR and ISHE measurements were performed at room
temperature in a split-cylinder microwave resonant
cavity. The rf magnetic field hrf is along the long axis
and the external applied dc magnetic field Hdc along the
width of the rectangle [Fig. 2(a)]. The frequency of hrf
is fixed at 9.75 GHz whereas Hdc is swept through the
FMR condition. The amplitude of hrf was determined
by measuring the Q factor of the resonant cavity with
the sample placed inside, for each measurement. The
derivative of FMR energy loss is measured at the same
time as the voltage taken across the long extremity
of the sample. We have also carried out a frequency
dependence (3− 24 GHz) of the FMR spectrum in order
to determine the effective saturation magnetization Meff
as well as the damping constant α. Details of such
calculations are found in the supplemental material
(SM). For damping analysis, we needed a reference
sample free of spin-current dissipation, i.e. without
SML. Ideally one would use a single Co layer, but to
prevent its oxidation, we grew a capping layer of Al.
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Figure 3. (Color online) Platinum thickness dependence of
the spin-injection parameters for ‖Co(15)|Cu(5)|Pt(t) ()
and ‖Co(15)|Pt(t) ( ) systems at room temperature. (a)
Damping constants (after frequency dependence) and their
fits with Eq. (2), (b) Effective spin currents, Eq. (1), and
their fit proportional to g↑↓eff in Eq. (5) (1 MA/m
2 corresponds
to 0.33 nJ/m2), (c) Sheet conductances Gtot of the full stack
multilayers and their linear fits, and (d) Charge currents and
the fits with Eq. (4). In order to fit IC for the ‖Co|Cu|Pt
(‖Co|Pt) system, we used rsI = 0.85 (1.7) fΩ m2, and SML
δ = 1.2 (0.9).
Raw data of a typical FMR spectrum and ISHE
voltage measurements performed simultaneously on a
‖Co(15)|Pt(10) sample are shown in Fig. 2(b). Hdc is
parallel to the film plane along the x-axis (black data),
and when the sample is turned 180◦ around the y axis
(blue data) the ISHE voltage is reversed. As expected,
we observe that both ISHE voltage curves have their
peak at the resonance field of the FMR spectrum with
the same linewidth [14–16]. In order to calculate the
charge current IC we measured directly the sheet con-
ductance (Gtot) of the full stack by a four probe method.
It follows that IC = VISHE
W
L Gtot, where VISHE is the
average weighted by factor h2rf of the Lorentzian ampli-
tudes of the fitted voltage data. The sheet conductance
GCo|Pt of the ‖Co(15)|Pt(t) bilayers as a function the Pt
thickness t is displayed in Fig. 3(c). The perfectly lin-
ear behavior indicates a thickness independent Pt bulk
resistivity of 17.9 ± 0.2 µΩ cm (at room temperature)
down to 2 nm. The same conclusions can be raised for
the ‖Co(15)|Cu(5)|Pt(t) trilayer series [Fig.3(c)], giving
a similar Pt resistivity of 16.7± 0.2 µΩ cm. Importantly
this proves that inserting the Cu(5) layer does not impact
significantly the Pt layer quality. The same method of
sheet conductance analysis is applied to Co and gives a
bulk resistivity for Co of about ρCo = 17 µΩ cm (see SM)
leading to a characteristic Co spin-resistance of about
rsF = ρCo × `Cosf ≈ 6.7 fΩ m2 at room temperature with
a typical `Cosf of 38± 12 nm [45].
We will now focus on FMR and ISHE experimental
3data obtained on ‖Co(15)|Cu(5)|Pt(t) trilayer series, free
of induced magnetic moments in Pt. In that sense, this
series plays the role of a reference in which pure interfa-
cial SML effects can be analyzed. The magnetic damp-
ing parameter α as a function of Pt thickness t, rang-
ing from 2 nm to 50 nm is displayed in Fig. 3(a). We
measure an almost thickness-independent α parameter
down to 2 nm of Pt, having a measured value close to
αCo|Cu|Pt = 10.5× 10−3 in the whole Pt thickness range
whereas the corresponding αCo for Co was measured at
7.56 × 10−3 in the ‖Co(15)|Al(7) reference sample, free
of spin current-dissipation.
The combination of spin-pumping and ISHE results in
the expression for the effective spin-current density (JeffS )
pumped outward the ferromagnet and collected in the
SOC-metal according to [14–16]:
JeffS =
2e
~
· g
↑↓
effγ
2~h2rf
8piα2
·
4piMeffγ +
√
(4piMeffγ)
2
+ 4ω2
(4piMeffγ)
2
+ 4ω2
,
(1)
where ω = 2pif is the microwave pulsation, e is the elec-
tron charge, ~ is the reduced Planck constant, γ = gµB/~
is the gyromagnetic ratio with g the Lande´ factor and µB
the Bohr magnetron. The enhancement of the magnetic
damping in multilayers is assigned to the spin-current
dissipation by spin-pumping mechanisms [8, 9]. The
damping parameter varies over a very short lengthscale,
smaller than 2 nm, due to the total spin-current dissipa-
tion. The enhancement of α is generally related to the
effective spin mixing conductance g↑↓eff by the following
relation [10, 11, 16]:
∆α =
gµB
4piMefftCo
g↑↓eff , (2)
where tCo is the Co thickness. Note that such g
↑↓
eff
effective quantity describes the total spin-current dis-
sipated outward Co itself and that it contains self-
consistently the spin-backflow contribution. The effective
spin-mixing conductance at saturation is then estimated
at g↑↓eff,Co|Cu|Pt ≈ 40 nm−2.
What about the ISHE data measured on the same se-
ries of samples? The ISHE current IC flowing in “bulk”
Pt vs. Pt thickness t is displayed in Fig. 3(d). The cor-
responding variation for IC can be described by the con-
ventional IC = W`
N
sfθSHE tanh
(
tN
2`Nsf
)
JeffS function (tN is
the thickness of the SOC-material), with a characteristic
lengthscale `Nsf of about 3.4 nm, identified here as the in-
trinsic `Ptsf . At this point we conclude that the magnetic
damping and the ISHE current occur over two different
lengthscales, related to either the interface or the bulk
properties of the SOC-material: the total spin-current
is dissipated through the enhancement of ∆α over less
than 2 nm, while the spin current is absorbed over about
3.4 nm in Pt.
The standard bilayer approach fails to describe our
measurements in two aspects. First the increase of the
magnetic damping ∆α should scale as IC, which is not
the case. Non-linearities between spin-current and damp-
ing enhancement reported in interfaces with an insulating
oxide [29] cannot be invoked because they are not ob-
served in metallic multilayers for spin current densities
in the range used in FMR [46]. Secondly, if we com-
pare the data for the ‖Co|Cu|Pt and the ‖Co|Pt series
(shown in Fig. 3), the insertion of a thin 5 nm Cu layer
in between Co and Pt should have no impact on the ex-
tracted value of θPtSHE, because the Cu thickness is much
smaller than its own `sf . However, with the conventional
model, we have estimated θSHE that changes by a factor
of 2 when the Cu layer is inserted. Therefore the conven-
tional extraction method from the IC vs. Pt thickness
variation cannot explain this difference. Note that our
previous sheet conductance measurements demonstrate
that a change of the material properties of Pt with thick-
ness, cannot be invoked to explain such discrepancy.
Examining now the case of ‖Co(15)|Pt(t) bilayer se-
ries (Fig. 3), we draw the same qualitative conclu-
sions than previously: There are two different length-
scales for the Pt thickness dependence of the magnetic
damping ∆α (< 2 nm) and of the ISHE current IC
(∼ 4 nm). The damping α was measured at a level of
α = 14 × 10−3. This manifests an effective spin-mixing
conductance g↑↓eff,Co|Pt ≈ 80 nm−2 twice as large as in the
trilayer. However the evidence of two different length-
scales in the ‖Co(15)|Pt(t) series may find its origin in
an other phenomenon, namely the induced polarization
in Pt. In this scenario, the transverse spin-current would
dissipate by spin decoherence due to magnetic moments
induced in the first atomic layers of Pt in contact with
Co (proximity effects) [47]. Nevertheless, even in that
case, questions persist concerning the exact mechanism
for interfacial spin decoherence. Taking into account the
strong coupling of these magnetic moments in Pt with
the Co magnetization, an overall effective spin-mixing
conductance would be insensitive to interface spin dissi-
pations as reported by Tserkovniak et al [10].
From spin-transport and magnetoresistance experi-
ments on metallic multilayers, it is well established that
metallic interfaces dissipate spin-current by SML [48]
mainly due to interfacial diffusion and disorder, in par-
ticular for transition metal 3d|Pt interfaces such as
Cu|Pt [49] and Co|Pt [50]. The physical parameter gov-
erning such SML processes is given by the spin-flip pa-
rameter δ = tI/`
I
sf which can be viewed as the ratio be-
tween the effective interface “thickness” tI and the in-
terface spin diffusion length `Isf , which becomes short
with disorder. SML generally results in a large δ mea-
sured at low temperatures: δ = 0.25 for Co|Cu [48]
and 0.9 for both Cu|Pt [49] and Co|Pt [50], correspond-
ing respectively to a probability of the depolarization
(1 − exp(−δ)) of 22% and 60%. By comparison with
4Pt, SML at Cu|Pd interface is only limited by δ = 0.25
(20% of SML probability) [51], which means that the
standard bilayer experimental analysis for Pd should be
more reliable [13, 14, 18, 20, 21, 23]. Therefore 3d|Pt
interfaces require a trilayer analysis taking into account
an interfacial layer to describe transport, relaxation, and
diffusion of the spin-current generated by spin-pumping
as displayed in Fig. 2(c). In that picture, the interfacial
spin-resistance rsI equals rb/δ, where the rb is the inter-
face resistance. If the SML is large, the spin-current will
be mainly dissipated in the interfacial layer. As a conse-
quence, ∆α increases without creating a charge current
IC in the bulk SOC-material by ISHE. This is what we
observe.
Taking into account such an interfacial layer in the
expression for the spin-current injected from Co (JeffS )
and absorbed in the bulk SOC-material (JNS ), one gets
(see SM) for the ratio RSML between the spin-current
absorbed in bulk SOC-material (Pt) and the total spin-
current dissipated (interface+bulk):
RSML =
JNS
JeffS
=
rsI
rsI cosh(δ) + rsN sinh(δ)
, (3)
where rsN = r
∞
sN coth
(
tsN/`
N
sf
)
stands for the spin-
resistance of the SOC-material of finite thickness tN.
Note that the ratio RSML does not depend on the rate of
backflow and this will make our conclusion very robust.
In our systems, the Pt spin-resistance is r∞sN = 0.58 fΩ m
2.
The interface resistances at room temperature are un-
known in our systems but typical values reported at
4.2 K are 2AR = 1.5 fΩ m2 (rsI = 1.7 fΩ m
2) for Cu|Pt
[49] and 2AR? = 1.0 fΩ m2 (rsI = 2.0 fΩ m
2) for Co|Cu
[51, 52], resulting in an effective Co|Cu|Pt spin resistance
of 0.85 fΩ m2 (see SM). We expect these values to be the
lower bounds for the room temperature values. For large
values of interfacial δ, the variation of JeffS (and then ∆α)
is on the scale of tI whereas the one of J
N
S is on the scale
of the inverse of rsN that is `
N
sf , as observed in our ex-
periments. Finally the corrected expression for charge
current is
IC =
θNSHE`
N
sfWJ
eff
S tanh
(
tN
2`Nsf
)
rsI
rsI cosh (δ) + r∞sN coth
(
tN
`Nsf
)
sinh (δ)
, (4)
and the corrected effective spin mixing conductance g↑↓eff
is written as (see SM):
g↑↓eff = g
↑↓
rsI cosh (δ) + r
∞
sN coth
(
tN
`Nsf
)
sinh (δ)
rsI
[
1 + 12
√
3
ε coth
(
tN
`Nsf
)]
cosh (δ) +
[
r∞sN coth
(
tN
`Nsf
)
+ 12
rsI2
r∞sN
√
3
ε
]
sinh (δ)
, (5)
where ε = τel/τ
N
sf = 0.1 is the ratio of the spin-conserved
to spin-flip relaxation times, with ε = 0.1 for Plat-
inum [10, 11, 16, 19].
We discuss now the different issues of the quantitative
analyses of the FMR-ISHE extracted using the bilayer
treatment method conventionally used in the literature:
(i ) The bilayer analysis generally gives a shorter `Nsf
than the real one considering only the variation length-
scale of the parameter α (Note that it also applies to
the case of the STT-FMR technique [4, 37, 44]). The
damping is more related to the interfacial SML.
(ii ) The level of the spin-current penetrating into the
bulk SOC-material is smaller by a ratio RSML than the
one given from JeffS , leading to a θSHE under-estimated
by the same ratio, RSML, if the interfaces are assumed to
be transparent.
The trilayer analysis allows us to fit consistently all
the experimental FMR and ISHE data (Fig. 3), and
gives a value of `Ptsf = 3.4 ± 0.4 nm for bulk Pt (r∞sPt =
0.58 fΩ m2), and θPtSHE = 0.056 ± 0.010, with the fol-
lowing values rsI(Co|Cu|Pt) = 0.85 fΩ m2, rsI(Co|Pt) =
0.83 fΩ m2 and the aforementioned corresponding δ pa-
rameters (Fig. 3). This corresponds to an intrinsic spin
Hall conductivity σSHE of 3.2×103(Ω cm)−1 for Pt. Note
that the estimation of the error on θPtSHE is not only the
statistical error related to the fit (0.1%), but is mainly
due to the uncertainties for the values for rb and δ re-
ported in the literature. Interestingly, one can notice
that the specific value of 3.4 nm for `Ptsf is in agreement
with the value given by different works [50] for this level
of resistivity ρPt = 17.3 µΩ cm. The thick red line in
Fig. 1 corresponds to a constant `Ptsf · θPtSHE product [see
Eq. (4)]. Finally we emphasize that SML is not restrained
to the spin-pumping experiments but applies to all spin
current injection phenomena. For example, strong SML
at Pt|Cu interface (compared to Pt|YIG) could also ex-
plain the strong reduction of spin Hall magnetoresistance
signal at Pt|Cu|YIG with respect to Pt|YIG [53].
In conclusion the present work demonstrates that the
spin memory loss at 3d transition metal|Pt interfaces
induces a strong interfacial depolarization of the spin-
current injected in Pt by spin-pumping methods. Such
spin-current depolarization largely affects the ability to
correctly extract both spin diffusion length and spin Hall
angle in Pt, and hence requires a careful treatment by
considering a more complete trilayer spin-current diffu-
5sion/relaxation model. This interfacial SML effects need
to be carefully addressed for the design of efficient devices
using SHE, for example in order to control magnetization
reversal. In particular, spin memory loss in future devices
can be reduced by interface engineering using multilayers
with smaller SML.
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7SUPPLEMENTAL MATERIAL
SPIN PUMPING AND INVERSE SPIN HALL EFFECT IN PLATINUM:
THE ESSENTIAL ROLE OF SPIN-MEMORY LOSS AT METALLIC INTERFACES
We demonstrate the equations given in the main text. We show details of damping calculation after frequency
dependence of FMR spectrum and the experimental and details about Co and Pt resistivities.
Calculation of the spin current density profile at different layers and interfaces
Following the standard Valet-Fert diffusion model [S1], the steady-state transverse spin electro-chemical potential
can be expressed in the following form (with µs = µ↑ − µ↓) [S2]:
∇2µs = µs
`2sf
, (S1)
where `sf is the spin diffusion length. The dc spin current writes as:
jeffs = −
~
2e2
1
ρ
∇µs
js = − 1
eρ
∇µs = −1
e
`sf
rs
∇µs , (S2)
where ρ is the resistivity and ~/2e2 = 2054 Ω. Here jeffs is expressed in units of J/m2. (One can notice that the
conversion to A/m2 can be easily achieved by multiplying jeffs by the factor of 2e/~). We use the following definition
of a spin resistance: rs = ρ`sf .
b
z
y
z = 0 z = tI z = tI
 
+ tN
N
SJ
eff
SJ
a
Figure S1. Schematic representation of a bilayer Ferromagnetic (F)/Non-Magnetic (N) structure at resonance condition with
spin current density losses taken into account at the interface (I) of equivalent thickness tI.
Our model considers an interface (I) in between the ferromagnetic (F) and the non-magnetic (N) layers, correspond-
ing to a trilayer F|I|N system. In this approach the thickness of the interface is denoted as tI and its spin resistance
as rsI; the thickness of Non-Magnetic material is denoted as tN and its spin ‘bulk’ resistance as r
∞
sN (Fig. S1). The
general solution of Eq. (1) in one dimension, along the z-axis in respect to presented coordinates, is:
µsk(z) = Ak exp(z/`
k
sf) +Bk exp(−z/`ksf) , (S3)
where each layer is indicated by the index k(= I,N). The boundary conditions are the following ( ′ denotes the spacial
derivative along z):
1. Chemical potential relation with the spin current: µ′sI(z = 0) = −ejeffs0 rsI/`Isf , spin current density is in A/m2,
2. continuity of the electrochemical potential, µsI(z = tI) = µsN(z = tI),
3. continuity of the spin current, µ′sI(z = tI)`
I
sf/rsI = µ
′
sN(z = tI)`
N
sf/rsN,
4. and finally the spin current vanishing at N/air interface (or N/susbtrate if the stacking order is reversed),
µ′sN(z = tI + tN) = 0.
8The solutions can then be written as:
µsI(z) = ej
eff
s0 rsI
r∞sN cosh
[
tI−z
`Isf
]
cosh
[
tN
`Nsf
]
+ rsI sinh
[
tI−z
`Isf
]
sinh
[
tN
`Nsf
]
r∞sN cosh
[
tN
`Nsf
]
sinh
[
tI
`Isf
]
+ rsI cosh
[
tI
`Isf
]
sinh
[
tN
`Nsf
]
µsN(z) = ej
eff
s0 rsI
r∞sN cosh
[
tI+tN−z
`Nsf
]
r∞sN cosh
[
tN
`Nsf
]
sinh
[
tI
`Isf
]
+ rsI cosh
[
tI
`Isf
]
sinh
[
tN
`Nsf
] , (S4)
where µsI(z) is valid when: 0 ≤ z ≤ tI; and µsN(z) when: tI ≤ z ≤ tI + tN. Note that in similar way µsF(z) can be
obtained for the profile inside F layer. However this calculation is not needed since we are already considering the
backflow spin current density inside jeffs0 [Fig. S1(b)]. We can thus obtain the spin current profile along each layer:
jsI(z) = j
eff
s0
r∞sN sinh
[
tI−z
`Isf
]
cosh
[
tN
`Nsf
]
+ rsI cosh
[
tI−z
`Isf
]
sinh
[
tN
`Nsf
]
r∞sN cosh
[
tN
`Nsf
]
sinh
[
tI
`Isf
]
+ rsI cosh
[
tI
`Isf
]
sinh
[
tN
`Nsf
]
jsN(z) = j
eff
s0
rsI sinh
[
tI+tN−z
`Nsf
]
r∞sN cosh
[
tN
`Nsf
]
sinh
[
tI
`Isf
]
+ rsI cosh
[
tI
`Isf
]
sinh
[
tN
`Nsf
] . (S5)
The above equations confirm that jsI(0) = j
eff
s0 , jsI(tI) = jsN(tI) ≡ JNS , and the ratio RSMLbetween spin currents at
each interface can be obtained:
RSML ≡ J
N
S
JeffS
≡ jsN(tI)
jsI(0)
=
rsI
rsI cosh
[
tI
`Isf
]
+ r∞sN coth
[
tN
`Nsf
]
sinh
[
tI
`Isf
] , (S6)
which is the same expression given in the main text while taking into account the spin memory loss parameter
δ = tI/`
I
sf .
Charge current: the correction factor due to the spin memory loss
Now using the Eq. (S5) we will show that the correction factor in the dc charge current due to the inverse spin
Hall effect (ISHE) is equal to the ratio RSML given in Eq. (S6). In this approach we consider that the SHE is present
only in the N layer and not at the interface layer. For that we reformulate the spin-to-charge conversion in the spin
pumping-ISHE model[S3]:
−→
j ISHEC (z) = θSHE js(z) [
−→n ×−→s ] , (S7)
where θSHE is the spin Hall angle,
−→n is the unit vector normal to the interface (along z in used coordinates), and −→s
is the spin polarization in js(z) which is parallel to the magnetization at equilibrium in F layer (along x). The dc
electric field created to compensate such induced charge current is then directed along y. Taking into account the
shunting effect in the F layer, the total charge current writes:∫ tI+tN
−tF
(
jISHEC (z) + σEy
)
dz = 0 , (S8)
where σ is the conductivity. While considering existence of the SHE only in the N layer the Eq. (S8) becomes:
(σFtF + σIti + σNtN)Ey = −θNSHE
∫ tI+tN
tI
jsN(z)dz , (S9)
9where jsN(z) is expressed in A/m
2 (following units of jeffs0 ). Note that jsF(z) is not considered explicitly [S4] since the
backflow spin current is already taken into account by the term jeffs0 . Note also that (σFtF + σItI + σNtN) = R
−1
sh , is
an inverse of a sheet resistance of the full stack multilayer. In practice one measures the dc voltage V (= EyL) along
the length L of the sample, but the physical parameter taken for the analysis is the charge current, IC. The charge
current is determinate experimentally by the normalization: IC = V/R, with the resistance of the sample of width
W being: R = RshL/W . On the other hand the charge current can also be expressed as: IC = EyL/R = EyW/Rsh
When following Eq. (S9) this leads to:
IC = −θNSHEW
∫ tI+tN
tI
jsN(z)dz . (S10)
Then using Eq. (5) one finds:
IC = −WθNSHE`Nsf tanh
[
tN
2`Nsf
]
Jeffs0
rsI
rsI cosh
[
tI
`Isf
]
+ r∞sN coth
[
tN
`Nsf
]
sinh
[
tI
`Isf
] . (S11)
Here we observe the new factor in charge current, RSML =
jsN(tI)
jsI(0)
, additionally to the usual `Nsf tanh
[
tN
2`Nsf
]
dependence
used in most of the spin pumping ISHE studies. We point out that this new term is due to the spin memory loss
at interface between F and N layers. Note that Eq. (S11) can be generalized for any multilayer structure with the
SHE attributed to each one or only some of the layers. We point out that the sign ‘−’ in Eq. (S11) means in our
convention of Fig. S1(a) negative voltage peak measured in ‖F|M stacking order for a N material with positive θSHE .
This sign changes if we reverse the stacking order, the dc applied magnetic field or we turn the sample 180◦ around
the y-axis. Indeed, as we have shown in Fig. 2(c), we observe negative voltage for our ‖Co|Pt system and then it
changes its sign when sample is turned 180◦.
Effective spin mixing conductivity g↑↓eff in F|I|N system
According to the spin pumping theory, in the limit ω  1/τNsf and neglecting imaginary part of spin mixing
conductivity, the effective spin mixing conductivity writes [S4–S7]:
g↑↓eff =
g↑↓
1 + g˜↑↓β
. (S12)
Here g˜↑↓ satisfy 2e
2
h g˜
↑↓r∞sN =
1
2
√
3
ε and ε = τel/τ
N
sf is the ratio of the spin-conserved to spin-flip relaxation times.
In pure bilayer with transparent interfaces the β back flow factor writes β = (2e2/h)r∞sN coth(tN/`
N
sf). Now we can
calculate the back flow β factor in our F/I/N system according to β = 2eh
µsI(0)
jeffs0
[S4, S5, S8, S9]. Then replacing µsI(0)
by using Eq. (S4), β becomes:
β =
2e2
h
rsI
r∞sN cosh
[
tI
`Isf
]
cosh
[
tN
`Nsf
]
+ rsI sinh
[
tI
`Isf
]
sinh
[
tN
`Nsf
]
r∞sN cosh
[
tN
`Nsf
]
sinh
[
tI
`Isf
]
+ rsI cosh
[
tI
`Isf
]
sinh
[
tN
`Nsf
] , (S13)
which is equivalent to the β factor shows in ref. [S8] and [S9]. Using Eq. (S13) and after simple mathematical
manipulations:
g↑↓eff = g
↑↓
rsI cosh
[
tI
`Isf
]
+ r∞sN coth
[
tN
`Nsf
]
sinh
[
tI
`Isf
]
rsI
(
1 + 12
√
3
ε coth
[
tN
`Nsf
])
cosh
[
tI
`Isf
]
+
(
r∞sN coth
[
tN
`Nsf
]
+ 12
rsI2
r∞sN
√
3
ε
)
sinh
[
tI
`Isf
] . (S14)
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Figure S2. Simulated curves of tN dependence of: (a,c) damping constant enhancement according to Eq. (S15), and (b,d)
charge current following Eq. (S11). Most of the parameters used correspond to our ‖Co(15)|Cu(5)|Pt(t) system. For (a,c):
Meff = 1330 emu/cm
3, tF = 15 nm, ε = 0.1, and `
N
sf = 3.4 nm. For (b,d): along with the same `
N
sf , J
eff
S = 9.5 MA/m
2
θNSHE = 0.051, and W = 0.4 mm. The black arrows indicate the increasing sense of δ (a,c) or rsI (b,d) for the values show in
each panel. The curves for δ = 0.01, 0.1 in (c) are out of scale.
Determination of enhancement damping constant
We rewrite the enhancement of the damping constant neglecting the imaginary part of spin mixing conductivity,
[S9, S10]:
∆α =
gµB
4piMefftF
g↑↓eff
=
gµB
4piMefftF
g↑↓
rsI cosh
[
tI
`Isf
]
+ r∞sN coth
[
tN
`Nsf
]
sinh
[
tI
`Isf
]
rsI
(
1 + 12
√
3
ε coth
[
tN
`Nsf
])
cosh
[
tI
`Isf
]
+
(
r∞sN coth
[
tN
`Nsf
]
+ 12
rsI2
r∞sN
√
3
ε
)
sinh
[
tI
`Isf
] , (S15)
where g is the Lande´ g-factor (of the F layer), Meff is the effective magnetic saturation of F, and µB is the Bohr
magnetron. In the case of Pt, ε = 0.1 [S4–S7]
We see now from Eqs. (S11), (S14) and (S15) that the enhancements of the damping constant and the charge
current have a different length scale dependence on the thickness of the N material due to the spin memory losses at
the interface. The tN dependence of damping enhancement ∆α with different parameters δ is shown in Fig. S2(a), and
rSI in Fig. S2(c). The same dependence on IC [Fig. S2(b,d)] clearly shows the `
N
sf lengthscale; and such lengthscale
does not change for any set of δ or rsI parameters. In Fig. S2(a) all the curves are intersected at tN = `
N
sf/2 and for
smaller thickness the curve change strongly only when δ ∼< 0.25. In Fig. S2(b) we can observe that the saturation level
of charge current is quickly reduced with enhancement of δ. As consequence, large δ parameter will quickly increase
the damping constant with no charge current production [Fig. S2(a,b)]. It happens the opposite tendency with the
rsI parameter: very small values increase the damping constant without charge current production [Fig. S2(c,d)].
The saturation level of charge current does not change significantly for rsI ∼> 3.
Derivation of the spin resistance and spin memory loss parameters in the multi-layer case.
In Co|Pt systems, the complete analysis of the profile of the spin-current pumped from Co and dissipated both at
the interface including spin memory loss (SML) and in the ‘bulk’ Pt heavy metal requires a three-layer treatment.
In a diffusive approach, the transport of the longitudinal component of the spin current is parametrized by the spin-
resistance rsF of the ferromagnet, the spin-resistance of the thin interface layer rsI = rb/δ and the one, rsN , of the
11
heavy metal (Pt). The interface extends on a scale of a few units of atomic planes (fraction of nanometer) corresponds
to local magnetic fluctuations and disorder responsible for partial spin depolarization and spin-current discontinuities.
It is generally characterized by its characteristic resistance rb and the SML parameter δ = tI/`
I
sf which can be viewed
as the ratio between the effective interface thickness (tI) and the corresponding interfacial spin diffusion length (`
I
sf ).
Hereafter, we note P∞ the bulk spin asymmetry coefficient of the ferromagnet, however not relevant in the mechanism
of spin-pumping and related spin-current diffusion and disregard the interfacial spin-asymmetry coefficient γ.
Using the transfer matrix method [S11] adapted to the longitudinal spin-current propagation in magnetic multilayers
within a diffusive approach, one can calculate the current spin-polarization (P) at each side of the Co|I|Pt interface
at the respective Co side (Pin(F )) and Pt (Pout(N)) sides according to :
Pin(F ) =
P∞[1 + rsNδrb sinh(δ)]
[1 + rsNrsF ] cosh(δ) +
rb
rsF
sinh(δ)
δ +
rsNδ
rb
sinh(δ)
(S16)
Pout(N) =
P∞
[1 + rsNrsF ] cosh(δ) +
rb
rsF
sinh(δ)
δ +
rsNδ
rb
sinh(δ)
(S17)
showing up the spin-current discontinuity (or spin-memory loss) with a probability of spin-conserving of the order of
exp(−δ) between (F) and (N). The two terms in the denominator, rsNrsF cosh(δ) and rbrsF
sinh(δ)
δ , describe the impedance
mismatch issue at the ‘left side’ of the interface impeding an efficient injection of a spin-polarized current from Co
into a non-magnetic highly resistive bulk material (first term) or into a highly resistive interface (second term). On
the other hand, the last term rsN δrb sinh(δ) describes the impedance mismatch issue at the ‘right side’ of the interface
impeding an efficient injection if the interfacial spin-resistance is too small and then responsible of supplementary
spin-flip processes by spin-backflow processes from the ‘right side’.
The ratio betweeen in and out spin-current can be more simply expressed as:
ζ =
Pout(N)
Pin(F )
=
1
cosh(δ) + rsNrI sinh(δ)
, (S18)
which solely depends, by renormalization, on the interface property on the ‘right’, and not of the spin-resistance of
the ferromagnetic injector (Co). ζ quantifies the ratio between the rate of spin-flips in the interface region (I) itself
scaling like δ/rb to the rate of spin-flips inside the spin-sink material (N) scaling like 1/rsN . This ratio is the same
as the one calculated previously in Eq. S6. Note that, in the limit of large δ, the latter expression transforms into
ζ ' 1
1+
δrsN
rb
exp(−δ). Thus, apart from the expected exponential decrease for a short SDL within the thin interfacial
region, the spin-polarized current penetrating N strongly depends on rsNδ/rb = rsN/rsI from the argument of
impedance mismatch at the right hand side of the interface. The ensemble of arguments developed here to find the
dominant spin-flip contribution between interface region and outward material N can now be applied to treat simply
the case of two (or several) SML interfaces placed in series as discussed now.
In the case of Co|Cu|Pt trilayers involving spin-memory loss (SML) at both Co|Cu and Cu|Pt interface, a five-layer
model is the more generally needed for the calculation of the spin-polarized current profile throughout the structure.
However, in absence of any spin-flips in the Cu spacer (because of its long spin diffusion length compared to its
thickness), a three-layer treatment becomes possible if the two consecutive SML interfaces are treated like a single
effective SML one. The following calculations generalizes these idea by considering the spin-current injected at the
level of the two consecutive SML interfaces neglecting the Cu spacer. One then notes rb,i, δi and rsI , i = rb,i/δi, the
interface resistance, spin-memory loss (SML) parameter and effective spin-resistance of the respective Co|Cu (i = 1)
and Cu|Pt (i = 2) interfaces. Following the previous arguments and in the limit of a large SML within the second
interface (δ2 > 1), one can calculate respectively the spin-current PCu injected in the Cu spacer (between the two
SML interfaces) and the one penetrating the Pt sink PN according to:
PCu ≈ Pin
cosh(δ1) +
rsI,2
rsI,1
sinh(δ1)
(S19)
PN ≈ PCu
cosh(δ2) +
rsN
rsI,2
sinh(δ2)
(S20)
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Describing the two SML interfaces in series by a single effective one characterized by reffb , δ
eff and reffsI = r
eff
b /δ
eff)
with
PN ≈ Pin
cosh(δeff) + rsN
reffsI
sinh(δeff)
(S21)
leads to the determination of δeff and reffsI = r
eff
b /δ
eff by matching the two solutions according to:
cosh(δeff) = cosh(δ2)
[
cosh(δ1) +
rsI,2
rsI,1
sinh(δ1)
]
1
reffsI
=
sinh(δ2)
sinh(δeff)
[
1
rsI,2
cosh(δ1) +
1
rsI,1
sinh(δ1)
]
(S22)
The table S1 displays the literature and calculated values for the SML parameters. We used the table parameters
which gave us the SHA values of 5.7 ± 0.3% and 5.6 ± 0.1% for the trilayer and the bilayer respectively. Using a
combined fitting procedure, one finds θPtSHE = 5.6± 0.1% (statistical error only).
Table S1. Values of δ, rb = AR
? for F|N interfaces (rb = 2AR for N1|N2 interfaces) and rsI as reported in the literature (at
4.2 K), or calculated with Eq. S22
System δ 2AR? (fΩm2) 2AR (fΩm2) rsI (fΩm
2) Ref.
Co|Cu 0.25 1.0 – 2.0 [S12]
Cu|Pt 0.9 – 1.5 1.7 [S13]
Co|Pt 0.9 1.5 – 0.83 [S14]
Co|Cu|Pt 1.2 2.0 – 0.85 calculation
Frequency dependence
We have measured the FMR spectrum at different frequencies in order to determine the effective saturation mag-
netization as well as the damping constant α. This experiment was performed in a broadband (3 − 24 GHz) using
a strip-line antenna and a vector network analyzer (VNA). The frequency f vs. the magnetic resonance field and
the linewidth (∆Hpp) vs. f for the in-plane configuration are displayed in Figure S3. By this method, we have also
evaluated the in-plane anisotropies and the inhomogeneous contributions to the FMR linewidth (∆H0) according to
the following relationships: (
ω
γ
)2
= (H +HK)(H +HK + 4piMeff) (S23)
∆Hpp = ∆H0 +
2√
3
(
ω
γ
)
α (S24)
Experimental determination of Co resistivity: Co thickness dependence of sheet resistance
As shown in the main text for the Pt resistivity, we have also measured the sheet resistance by 4 probes methods in
‖Co(t)|Pt(15) samples. We show both, Pt and Co thickness dependence in Fig. S4. The linear fits are made according
to: (i) GCo|Pt = G01 +σPt · tPt for Pt thickness dependence where σPt is the Pt conductivity and G01 would be ideally
the Co sheet conductance contribution. (ii) Similarly GCo|Pt = G02 + σCo · tCo for Co thickness dependence. If one
uses the G01 value it gives an apparently Co resistivity of 29.1 µΩcm. However the Co thickness dependence displayed
in Fig. S4(b) shows a more complex behavior. Details of this dependence are irrelevant for our study because the
Co layer is deposited first and its thickness is kept fixed at 15 nm. Nevertheless, one can note that the non-linearity
of G(tCo) reveal a Co resistivity which is higher at low thickness, probably due to diffusion on the SiO2 substrate
surface. This phenomenon is not observed for the Pt thickness variation, in all likelihood because of the metallic Co
‘buffer’.
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Figure S3. (a) Frequency vs. resonance field and its fitting (red line) according to Eq. (S23). (b) Peak-to-peak linewidth vs.
frequency and its linear fit (red line) following Eq. (S24) for the ‖Co(15)|Al(7) reference sample, the ‖Co(15)|Pt(t) series and
the ‖Co(15)|Cu(5)|Pt(t) series.
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Figure S4. (a) Pt thickness dependence of the total sheet conductance in ‖Co(15)|Pt(t) and ‖Co(15)|Cu(5)—Pt(t). Red lines
represent the best combined linear fits from which Pt resistivity is evaluated. (b) Co thickness dependence of the total sheet
conductance in ‖Co(t)|Pt(5) films. Two slopes corresponding to two conductivities are indicated. The red dot is the expected
5 nm-thick Pt sheet conductance.
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